INTRODUCTION
The signal recognition particle (SRP) is a GTP-regulated ribonucleoprotein that targets secretory or membrane proteins during translation. In Escherichia coli, the SRP comprises the Ffh protein and 4.5S RNA, which together recognize hydrophobic signal peptides as they emerge from translating ribosomes. The SRP targets these ribosomenascent chain complexes (RNCs) to the inner membrane by interacting with the SRP receptor (SR), FtsY (Doudna and Batey 2004; Shan and Walter 2005a) . Both Ffh and FtsY are GTPases that associate into a heterodimer upon GTP binding and deliver the RNC to a transmembrane pore-a translocon-at the inner membrane. Upon GTP hydrolysis, SRP and FtsY dissociate, and the SRP is primed for a new round of nascent-chain recognition and trafficking.
Although GTP binding and hydrolysis govern the protein targeting cycle, the mechanism of GTPase regulation in vivo has not been elucidated. Unlike other GTPases, no external GTPase activating proteins (GAPs) or guanine exchange factors (GEFs) have been found for the SRP. Instead, the N-terminal (N) and GTPase (G) domains of Ffh and FtsY, when associated with each other, catalyze GTP hydrolysis at least 1000-fold faster than the basal rate observed for either protein alone (Powers and Walter 1995; Peluso et al. 2001) . Crystal structures of the NG-NG heterodimer revealed two composite GTP binding sites at the protein-protein interface near several catalytically critical amino acids, providing a compelling model for GTPase stimulation in the complex (Egea et al. 2004; Focia et al. 2004) . Extensive site-directed mutagenesis and kinetic analyses verified that multiple catalytic groups from each protein facilitate hydrolysis of the GTP at each active site Walter 2003, 2005b; Egea et al. 2004; Shan et al. 2004) .
Nonetheless, these results do not address the role of the 4.5S RNA, which also stimulates GTPase activity in the SRP-FtsY complex in vitro and is essential for SRP function in vivo (Brown and Fournier 1984; Peluso et al. 2001; Sagar et al. 2004; Gu et al. 2005) . A truncated form of the 114-nucleotide (nt) RNA, including just the distal 44 nt at the hairpin end (domain IV) of the molecule, is sufficient to support cell growth ( Fig. 1 ; Batey et al. 2000) .
Within this region, two evolutionarily conserved segments are known to be critical for SRP activity in vivo. One of these, comprising the two internal loops near the hairpin end of the RNA, forms the binding site for the signal peptide-binding M domain of Ffh (Batey et al. 2000) . The other, the 4-nt GGAA tetraloop adjacent to the Ffh recognition site, has been proposed to be required for SRP binding to FtsY based on the behavior of 4.5S RNA tetraloop mutants in vivo and in vitro (Jagath et al. 2001) . In contrast, however, recent data showed that a 4.5S RNA tetraloop mutant with a lethal phenotype in vivo can associate into an SRP-FtsY complex at physiologically relevant GTP concentrations in vitro (Spanggord et al. 2005) . Importantly, this mutant RNA failed to stimulate GTP hydrolysis in the SRP-FtsY complex above the rate observed in the absence of RNA (Spanggord et al. 2005 ). A structural model of the SRP-FtsY complex placing the 4.5S RNA at the interface of the Ffh-FtsY heterodimer and the tetraloop near the G domains of Ffh and FtsY is consistent with tetraloop-mediated GTPase stimulation (Spanggord et al. 2005) .
To determine whether 4.5S RNA-stimulated GTPase activity in the SRP-FtsY complex is physiologically essential, we analyzed the ability of five different 4.5S RNA mutants to stimulate GTPase activity in vitro and to complement wild-type 4.5S RNA depletion in vivo. The results reveal that mutants unable to stimulate GTPase activity in SRP-FtsY complexes above that observed in the absence of 4.5S RNA produce severe growth phenotypes in in vivo complementation experiments. Furthermore, site-directed hydroxyl radical probing shows that specific positioning of the 4.5S RNA tetraloop at the Ffh-FtsY interface is essential to enhance the rate of GTP hydrolysis to a level sufficient for cell viability. The SRP RNA tetraloop thus functions to enhance the GTPase activity of the SRP-FtsY complex, explaining why no external GAP is needed and why the phylogenetically conserved tetraloop is required in vivo.
RESULTS

Binding affinity of 4.5S RNA tetraloop mutants to Ffh
Previous studies suggested that the tetraloop of 4.5S RNA does not contribute to the binding affinity of SRP RNA for Ffh. Footprinting of 4.5S RNA in the presence of Ffh showed little or no protection at the tetraloop (Lentzen et al. 1996) . Crystal structures and structural models obtained by FRET showed that the tetraloop of 4.5S RNA does not make any direct contacts with Ffh (Batey et al. 2000; Buskiewicz et al. 2005) . Furthermore, the tetraloop mutant UUCG and wildtype 4.5S RNA had the same binding affinity for Ffh as assayed by nitrocellulose filter binding (Jagath et al. 2001) , and 4.5S RNA variants lacking the tetraloop also bind to Ffh with affinities similar to that of the wild-type 4.5S RNA (Batey et al. 2001; Batey and Doudna 2002) . Nevertheless, we performed nitrocellulose filter-binding assays with the 4.5S tetraloop mutants used in this study to ensure that mutations did not affect the interaction between Ffh and the RNA. As shown in Table 1 , all of the 4.5S RNA tetraloop mutants have binding affinities for Ffh in the range of 6-10 pM, similar to the 7 pM value measured for wild-type 4.5S RNA. This indicates that, as expected, the tetraloop does not affect the interaction between 4.5S RNA and Ffh.
GTPase activity of SRP-FtsY complexes containing 4.5S RNA mutants
Two previous studies have led to different conclusions about the function of the phylogenetically conserved GNRA tetraloop of 4.5S RNA. One set of results suggested that the tetraloop affects SRP binding to its receptor protein FtsY (Jagath et al. 2001) , whereas the other implied that the tetraloop regulates GTPase activity of the SRP-FtsY complex (Spanggord et al. 2005) . To investigate the biochemical and physiological role of this region of 4.5S RNA, we first tested the GTPase activities of SRP-FtsY complexes containing five different tetraloop mutants: UUCG, UUUU, CUUC, GUAA, and GAAA (Fig. 2 ). Similar to previous results, an SRP-FtsY complex containing wild-type RNA catalyzed GTP hydrolysis sixfold faster than an Ffh-FtsY complex lacking the RNA, or an SRP-FtsY complex containing the UUCG mutant RNA ( RNA with a UUUU tetraloop sequence also catalyzed GTP hydrolysis at a rate similar to that observed in the absence of 4.5S RNA (Fig. 2 ). SRP-FtsY complexes containing each of the other three 4.5S RNA tetraloop mutants, CUUC, GAAA, and GUAA, showed twofold reductions in GTPase rates relative to wild-type complexes (Fig. 2 ).
SRP-FtsY complex stability in the presence of 4.5S RNA mutants
A possible explanation for the observed partial or complete loss of GTPase stimulation in SRP-FtsY complexes containing 4.5S RNA tetraloop mutants is that these RNAs prevent stable FtsY binding, as previously proposed (Jagath et al. 2001) . To test this possibility, SRP-FtsY ternary complex formation for wild-type and UUCG 4.5S RNA was monitored by enzyme-linked immunosorbent assay (ELISA) using single-chain antibodies (scFv) IA02 and IB11 (Wu et al. 2006 ). The antibody scFv IA02 specifically recognizes the SRP-FtsY complex, and not SRP, Ffh, or FtsY alone (Wu et al. 2006 ). This recognition is independent of the RNA since IA02 can detect Ffh-FtsY complexes (data not shown). However, during the 20-min incubation of this assay, Ffh-FtsY complexes are not stably formed in the absence of the 4.5S RNA (Shepotinovskaya et al. 2003) . scFv IB11 is specific to Ffh alone or in the SRP complex, but does not recognize FtsY (Wu et al. 2006 ). Both antibodies' specificities are unaffected by the GNRA tetraloop since they show similar levels of detection for complexes containing either the wild-type or UUCG 4.5S RNA (data not shown). Given the specificities of IB11 for SRP alone and IA02 for the ternary complex, the extent of SRP-FtsY complex formation with either wild-type or UUCG 4.5S RNA was monitored by ELISA. The amount of SRP-FtsY complex formed was determined by normalizing the ELISA signal of IA02 against the signal from IB11. As shown in Figure 3 , wild-type and UUCG 4.5S RNA have similar levels of SRP-FtsY complex formation. In comparison, the GTPase assay mentioned above uses significantly higher amounts of SRP and FtsY (see Materials and Methods), supporting the conclusion that the loss of GTPase stimulation by the UUCG mutant is not due to complex instability.
Structural probing of SRP-FtsY complexes containing wild-type versus mutant 4.5S RNA
A recent model of the wild-type SRP-FtsY complex suggests that the 4.5S RNA tetraloop localizes near the GTPase domains of the Ffh-FtsY heterodimer upon SRP-FtsY association ( Fig. 4A ; Spanggord et al. 2005) . To test the possibility that tetraloop mutations perturb positioning of the 4.5S RNA at this protein-protein interface, tethered hydroxyl radical probing experiments were used to assess the localization of wild-type versus mutated forms of 4.5S RNA in SRP-FtsY complexes. We probed SRP-FtsY complexes containing the UUCG or GUAA 4.5S RNA tetraloop mutation, which have a complete or partial loss of GTPase stimulation relative to wild-type 4.5S RNA-containing FIGURE 2. GTPase activites of SRP-FtsY complex. Fixed concentrations of SRP or Ffh with varying amounts of FtsY (amino acids 47-498) in the presence of 100 mM GTP and trace amount of g-32 P-GTP were used in this assay. The concentrations of wild type (d), CUUC (j), GAAA (=), and GUAA (m) SRP were 0.2 mM whereas the concentrations of UUCG (D) and UUUU (u) SRP were 2 mM. In the absence of RNA (s), only 1 mM of Ffh was used. The extrapolated maximal rate constants for wild type, CUUC, GAAA, GUAA, UUCG, UUUU, and no RNA are 13.4 6 4.1, 15.2 6 5.1, 10.9 6 2.8, 8.4 6 2.5, 3.2 6 1.4, 1.3 6 0.4, and 2.2 6 1.5 min À1 , respectively. The maximal rate constants and values of the data points on the curves are averages of at least three independent experiments. FIGURE 3. ELISA of SRP-FtsY complex. SRP-FtsY complex formation with wild-type (d) and UUCG (D) 4.5S RNA was detected by ELISA using 50 nM of wild-type or UUCG SRP, 0.5 mM GMPPNP, and titrating concentrations of FtsY (amino acids 47-497). scFv IA02, which recognizes only the complex, was used to determine the amount of complex formed, and scFv IB11 was used to detect the total amount of SRP in each binding reaction. These data are representatives of three independent experiments. complexes, respectively. Chemically modified proteins were prepared by mutating single residues in either Ffh or FtsY to cysteine, enabling site-specific derivatization with bromoacetamidobenzyl-EDTA-Fe (BABE-Fe) ( Fig. 4A ; Spanggord et al. 2005) . In the presence of hydrogen peroxide and sodium ascorbate, the BABE-Fe moiety generates hydroxyl radicals that cleave the backbone of the RNA (Joseph and Noller 2000) .
BABE-Fe-modified position 344 of the Ffh M-domain was used to test for possible tetraloop-dependent structural changes in Ffh-4.5S RNA binding. The similarity of cleavage patterns and fold changes in the wild-type, UUCG, and GUAA 4.5S RNAs is consistent with the observation that tetraloop mutations do not affect Ffh-RNA binding (Table 1 ; Fig. 4B ). BABE-Fe-modified positions 153 of Ffh and 359 of FtsY (Fig. 4A ) were used to detect any structural perturbations of the tetraloop mutant RNAs in the SRP-FtsY complex because in previous work they each cleaved the tetraloop region of the wild-type 4.5S RNA only when the SRP-FtsY complex forms (Spanggord et al. 2005) . When wild-type 4.5S RNA was used to form SRP-FtsY complexes containing a BABE-Fe moiety at residues 153 of Ffh or 359 of FtsY, pronounced cleavages as previously observed were detected within the RNA tetraloop and asymmetric loop at nucleotides 47-45 (cf. lanes +G and ÀG for wild type in Fig.  5A ,B, respectively; Spanggord et al. 2005) . In contrast, similar complexes formed with 4.5S RNA mutants bearing a UUCG tetraloop sequence produced no significant cleavage of the RNA over background (cf. nucleotides 57-44 fold changes for wild type and UUCG in Fig. 5A,B , respectively). Subtle cleavages above background were detected for the GUAA mutant (cf. nucleotides 57-44 fold changes for for wild type and GUAA in Fig. 5A,B , respectively). The changes in cleavage of the UUCG and GUAA mutant RNAs were not due to inhibition of SRP-FtsY complex formation with the modified proteins, as confirmed by native gel mobility shift assays (data not shown). The lack of cleavage above background in the tetraloop region of the two mutant RNAs could result from a failure of the entire 4.5S RNA helix to localize correctly within the SRP-FtsY complex, or it could be a consequence of more subtle perturbations in tetraloop positioning in relation to the BABE-Fe-modified residues. To distinguish between these possibilities, the position of the distal stem region of the wild-type and mutant 4.5S RNAs was probed using SRP-FtsY complexes containing a BABE-Fe modification at residue 244 of FtsY ( Fig. 4A ; Spanggord et al. 2005) . BABE-Fe at residue 244 of FtsY induced similar cleavages in the wildtype 4.5S RNA and the two tetraloop mutants, consistent with RNA helix localization near the Ffh-FtsY heterodimer interface in each case (Fig. 5C ). These results indicate that the tetraloop sequence does not affect global 4.5S RNA positioning in the SRP-FtsY complex.
Together, the data are consistent with 4.5S RNA tetraloop mutations causing local disruption of the loop position relative to the BABE-Fe-modified residues in the SRP-FtsY complex.
In vivo complementation with 4.5S RNA tetraloop mutants
The above results show that in vitro, the tetraloop of 4.5S RNA regulates the GTP hydrolysis activity of the SRP-FtsY complex. Might this activity be important physiologically? To answer this question, 4.5S RNA tetraloop mutants were tested for complementation of bacterial cells lacking the wild-type 4.5S RNA (Fig. 6 ). Each mutant was analyzed in E. coli strain S1610, a lambda lysogen in which the endogenous wild-type 4.5S RNA allele is maintained and expressed at 30°C, but deleted at 42°C (Brown and Fournier 1984) . The 4.5S RNA mutants were expressed under the control of the native 4.5S RNA promoter (Brown et al. 1989; Batey et al. 2000) . When transformants expressing each tetraloop mutant were tested at 30°C, all except UUCG and UUUU grew similarly to wild type both on solid media and in LB liquid culture (Fig. 6A) . In contrast to wild-type cells, transformants expressing the UUCG 4.5S
RNA mutants produced relatively fewer and smaller colonies when grown on agar plates (Fig. 6A) . No growth was observed for cells expressing the UUCG mutant in LB liquid media, whereas cells expressing the UUUU mutant grew slower than wild type (Fig. 6A) . In contrast to a previous study (Jagath et al. 2001) , the growth curve at 30°C observed here reveals that the UUCG allele of 4.5S RNA leads to cell death despite the presence of the wildtype 4.5S RNA (Brown and Fournier 1984) . Because the UUCG tetraloop variant has a dominant lethal phenotype, it was not tested for complementation of cells after removal of the wild-type version of the 4.5S RNA gene.
When tested at 42°C, a condition in which the chromosomal (wild-type) 4.5S RNA gene is lost, cells expressing each of the four remaining 4.5S RNA mutants, respectively, showed similar growth relative to wild type in all but one case (Fig. 6B) . Cells expressing the UUUU tetraloop mutant produced very few colonies at 42°C on solid media and grew slowly in liquid (LB) media (Fig. 6B ). Hence, all of the tetraloop mutants tested can complement 4.5S RNA deletion in vivo except for UUCG, and the UUUU mutant exhibits a slow-growth phenotype. In comparison, a previous study (Jagath et al. 2001) showed that both UUUU and CUUC mutants grew slower than wild type even though the UUUU mutant was the only one that showed a loss of binding to FtsY. Taken together with the biochemical and structural data presented above, these complementation data indicate that an essential in vivo function of 4.5S RNA is to stimulate GTP hydrolysis by the SRP-FtsY complex above a critical threshold.
DISCUSSION
A physiologically essential role of SRP RNA is to stimulate GTP hydrolysis by the SRP-receptor complex
The signal recognition particle undergoes regulated cycles of GTP-dependent receptor binding and hydrolysis that are integral to its function in cotranslational targeting of hydrophobic proteins to the translocon. Analysis of the activities and structural properties of SRP RNA tetraloop mutants in vitro and in vivo reveals that a physiologically essential function of the RNA is to stimulate the rate of GTP turnover in SRP-receptor complexes. 4.5S RNA variants containing mutations in the functionally critical tetraloop sequence have varying abilities to stimulate GTP hydrolysis in SRP-FtsY complexes. Two mutants, UUCG and UUUU, abolish RNA enhancement of GTP hydrolysis completely, whereas other mutants produce (Antao et al. 1991 ), suggesting that the UUCG mutant may have a significantly increased half-life relative to the wild type or other loop variants of 4.5S RNA. The natural three-to fivefold excess of 4.5S RNA over Ffh (Jensen and Pedersen 1994) and the high affinity of the 4.5S RNA-Ffh interaction (Batey and Doudna 2002) would effectively trap signal recognition particles containing highly stable UUCG mutant RNA in dysfunctional FtsY-bound complexes (Fig. 7) .
Differential effects of 4.5S RNA mutants suggest roles for both RNA structure and sequence in SRP function Our data show that the tetraloop of SRP RNA functions to stimulate the catalytic activity of the SRP-receptor complex to a physiologically useful level. What features of the RNA tetraloop may achieve this rate enhancement? The conserved tetraloop in bacteria is a GNRA tetraloop (Rosenblad et al. 2003) . Comparison of GNRA and UUCG tetraloop structures show that the loop conformations are different, possibly contributing to the differences in GTPase enhancement and hydroxyl radical probing that were observed (Cheong et al. 1990; Allain and Varani 1995; Batey et al. 2000; Ennifar et al. 2000) . This suggests that a GNRA tetraloop conformation is necessary for 4.5S RNA to enhance GTP hydrolysis activity of the SRP-FtsY complex in E. coli. In addition, the tetraloop sequence is needed for maximum hydrolysis activity. Both GAAA and GUAA tetraloops have the GNRA conformation (Jucker et al. 1996; Butcher et al. 1997; Batey et al. 2000) , but stimulated GTPase activities of the SRP-FtsY complexes by threefold, compared to the sixfold stimulation conferred by the wildtype tetraloop (GGAA). Both of these variant 4.5S RNAs can complement wild-type 4.5S RNA deletion in vivo. Other 4.5S RNA tetraloop mutants including UUAA, GUUA, FIGURE 6. In vivo complementation with 4.5S RNA mutants. E. coli strain S1610 transformed with plasmids encoding wild-type (d),UUCG (D), CUUC (j), UUUU (u), GUAA (.), and GAAA (=) 4.5S RNA were grown at (A) 30°C and (B) 42°C. E. coli transformed with the specified 4.5S RNA construct was streaked onto an agar plate with ampicillin at 30°C. Liquid cultures of the specified 4.5S RNA constructs grown at 30°C were streaked onto an agar plate with ampicillin at 42°C. Growth of the E. coli harboring wild-type, UUCG, UUUU, CUUC, GUAA, and GAAA 4.5S RNA in LB media with ampicillin was monitored over time at the designated temperatures. No data were available for the UUCG mutant at 42°C since there was no growth observed at 30°C. These data are representatives of three independent experiments. GGUU, UGAA, GGUA, and GGAU also have no obvious in vivo growth defects, despite likely differences in some of the tetraloop conformations relative to wild-type 4.5S RNA (data not shown; Heus and Pardi 1991; Jucker et al. 1996) .
There is also evidence suggesting the stem closing the tetraloop may be important in stimulating GTP hydrolysis of the SRP-FtsY complex. A mutant recovered in a genetic screen for E. coli variants defective in inner membrane protein insertion contained a change of GG to AA in the 4.5S RNA gene (Tian and Beckwith 2002) . These two guanosines participate in the two C-G base pairs that close the tetraloop. Based on the structure of 4.5S RNA bound to the M domain (Batey et al. 2000; Batey et al. 2001) , it is unlikely that this mutation affects the binding of 4.5S RNA to Ffh. Instead, these mutations in the stem may destabilize the tetraloop (Williams and Hall 2000) , possibly leading to changes in the loop structure and loss of stimulation in GTP hydrolysis. The hydroxyl radical probing of the tetraloop mutants also hints at the possibility that other regions near the tetraloop also affect GTP hydrolysis. Probing of mutant RNAs with proteins that were BABE-Fe modified at residues E153 of Ffh and A359 of FtsY showed a loss of cleavage at residues 47-44 relative to wild type, suggesting that positions of these residues relative to the BABE-Fe moiety have changed relative to the wildtype tetraloop. Intriguingly, a recent crystal structure of the Ffh-FtsY heterodimer revealed a GMP bound at the heterodimer interface where the 4.5S RNA is predicted to bind, suggesting a possible site of interaction for nucleotides in or near the 4.5S RNA tetraloop (Focia et al. 2006) .
The role of 4.5S RNA in SRP-dependent translocation
The data presented here strongly suggest that a key physiological role of 4.5S RNA in E. coli is to stimulate GTP hydrolysis of the SRP-FtsY complex. Such a rate enhancement presumably maintains the necessary rate of SRP cycling required for normal cell growth, but how is the enhancement triggered? During cotranslational protein targeting, SRP binds to a translating ribosome (RNC) bearing an N-terminal signal sequence in the nascent peptide (Fig. 7) . Structures of Ffh bound to 4.5S RNA show the signal sequence binding site of Ffh adjacent to the RNA tetraloop (Batey et al. 2000; Rosendal et al. 2003) , and in the SRP-FtsY complex model they both abut the GTPase center of the heterodimer (Spanggord et al. 2005 ). Hence, it is possible that the presence of a signal peptide inhibits GTP hydrolysis of the SRP-FtsY complex by perturbing the interaction of the tetraloop with the GTPase domains of the Ffh-FtsY heterodimer. This would prevent premature GTP hydrolysis by the SRP-FtsY complex, ensuring that only SRP-FtsY complexes loaded with RNCs proceed through the cycle and that SRP dissociates from FtsY only after successful delivery of an RNC to the translocon. The observed decreases in GTPase activity of SRP-FtsY complexes containing 4.5S RNA tetraloop mutations presented in this study imply that only subtle perturbation of the tetraloop by the signal peptide would be necessary to inhibit hydrolysis. Thus, the release of signal peptide from the SRP-FtsY complex could trigger the 4.5S RNA tetraloop to enhance GTP hydrolysis by the complex.
In addition to stimulating GTP hydrolysis, 4.5S RNA may also function in vivo to enhance the binding rates of SRP to FtsY as suggested by the 200-fold increase of the on and off rates of Ffh to FtsY in the presence of the RNA (Peluso et al. 2000 (Peluso et al. , 2001 . Thus, 4.5S RNA would enhance the rate of ribosomes delivered to the inner membrane and recycling of SRP and FtsY in vivo. Whether the tetraloop itself is responsible for the observed kinetic effects remains to be tested.
The results presented here reveal an essential in vivo role of the SRP RNA tetraloop as an enhancer, stimulating the GTPase activity of the SRP-receptor complex to a physiologically critical level. This explains a central role of RNA in cotranslational protein targeting and expands the functional repertoire of RNA. Step 1, cytoplasmic SRP bound with GTP is loaded with a RNC containing a signal peptide.
Step 2, the RNC is translocated to the inner membrane by SRP binding to its receptor (FtsY) bound with GTP.
Step 3, interaction of SRP with FtsY induces a conformational rearrangement in the SRP as previously observed (Spanggord et al. 2005) . Presence of the signal peptide in the M domain perturbs interaction of the tetraloop of 4.5S RNA and the Ffh-FtsY heterodimer (indicated by the box) and inhibits GTP hydrolysis.
Step 4, signal peptide release from the SRP and docking of the RNC with translocon.
Step 5 
MATERIALS AND METHODS
Cloning and purification of 4.5S RNA tetraloop mutants
For the complementation in vivo experiments, the plasmid encoding the full-length wild-type 4.5S RNA was used as a template for QuickChange mutagenesis (Stratagene) to generate the different tetraloop mutants (Brown et al. 1989; Batey et al. 2000) . For 4.5S RNA purification, a puc19 plasmid with an insert containing a T7 promoter followed by the hammerhead ribozyme, 4.5S RNA gene, and HDV ribozyme was used. This plasmid was also used to create all tetraloop mutants by QuickChange mutagenesis. Transcription and purification of the wild-type and mutant 4.5S RNA were done as described previously (Batey et al. 2001) . The concentration of 4.5S RNA was determined with a spectrophotometer at a wavelength of 260 nm and the extinction coefficient of 1.0310 6 L/molÁcm (Integrated DNA Technologies). All 4.5S RNAs were stored in water at À20°C. Prior to use, each 4.5S RNA was folded by resuspending it in a buffer with 1.5 mM [Mg 2+ ], heated to 95°C for 1 min, and then cooled on ice for 1 min.
Filter binding assay
Binding assays were performed as previously described (Batey and Doudna 2002) . Less than 2 pM of 59-g-32 P-end labeled 4.5S RNA were incubated for 1 h at room temperature with varying concentrations of Ffh protein before applying to the membranes. Data were quantitated using ImageQuant (Molecular Dynamics) software.
GTPase assay
The assay was performed similarly to that previously described (Peluso et al. 2001; Spanggord et al. 2005) . Briefly, for wild type, CUUC, and GUAA, 0.2 mM of Ffh and 0.4 mM of the respective 4.5S RNA were used to form 0.2 mM of SRP, whereas for GAAA, UUUU, and UUCG, 2 mM of Ffh and 4 mM of 4.5S RNA were used to form 2 mM of SRP. In reactions without 4.5S RNA, only 1 mM of Ffh was used. The concentrations of FtsY (amino acids 47-498) were 1, 2, 5, 10, 15, 20, and 30 mM. The calculated rate constants were normalized to the concentrations of SRP and Ffh, respectively. The GTPase rates reported are averages of at least three separate experiments.
Enzyme-linked immunosorbent assay (ELISA)
Ffh and FtsY (residues 47-498) were purified as previously described (Peluso et al. 2001; Spanggord et al. 2005) . GMPPNP was purchased from Sigma and purified as previously mentioned (Karbstein et al. 2005) . For the FtsY titration experiment, 100 nM of Ffh and 50 nM of either wild-type or UUCG 4.5S RNA were initially incubated for 5 min at room temperature to ensure SRP formation, then 0.5 mM GMPPNP and varying concentrations of FtsY were added and incubated for another 10 min to allow binding of SRP to FtsY. The buffer condition for the reaction was 50 mM HEPES (pH 7.5), 150 mM potassium acetate, 1.5 mM magnesium acetate, 2 mM DTT, and 0.01% Nikkol. All incubations were done at room temperature. SRP-FtsY complexes were added to a 96-well plate (Nalge Nunc International USA) and incubated for 1 h. The complexes were removed and 3% (w/v) of BSA (Sigma) in PBS was added and incubated for 1 h. After removing the BSA, scFv IA02 (complex specific) or IB11 (Ffh or SRP specific) in PBS was added and incubated for 1 h. scFv IA02 and IB11 were used at dilutions of 1:10 and 1:100, respectively, from a stock of 100 ng/mL. The antibodies were removed and each well was washed three times with 100 mL of PBS-0.1% Tween. Protein-L peroxidase conjugated (Pierce) was added at a dilution of 1:1000 from a 0.5 mg/mL stock in PBS and incubated for 1 h. Each well was washed three times with PBS-0.1% Tween before 50 mL of TMB substrate (Pierce) were added. The substrate was incubated for 20 min and the reaction was stopped with the addition of 1 M sulfuric acid. The absorbance at 450 nm of each well was measured with a Spectra MAX 190 plate reader (Molecular Devices). The fraction of SRP bound with FtsY was determined by the absorbance of IA02 divided by the sum of the absorbances of IA02 and IB11.
Hydroxyl radical probing
All RNAs in this study were 59-g-32 P-end labeled by incubating them with 40 units of T4 poylnucleotide kinase (NEB) in 103 reaction buffer (500 mM Imidazole-Cl at pH 7.3; 180 mM MgCl 2 ; 50 mM DTT; 1 mM spermine; 1 mM EDTA). In addition, the samples were supplemented with PEG-8000 (6% final concentration). Labeling reactions were allowed to proceed for 1.5 h at 37°C. 59-end labeled RNAs were phenol/chloroform extracted and ethanol precipitated and purified on a 12% denaturing gel.
Affinity cleaving assays were performed as previously described (Spanggord et al. 2005) . Briefly, SRP-FtsY complexes were preformed as above except that the binding reactions were spiked with 59-g-32 P-end labeled 4.5S RNA. After incubation as above, cleavage of the RNA was initiated by the addition of hydrogen peroxide and sodium ascorbate [final concentration of 0.01% (v/v) and 5 mM, respectively], followed by a 2-min incubation at room temperature. Distilled water was added to each sample, followed by two successive phenol extractions and ethanol precipitation of the RNA. Cleaved 4.5S RNA was resuspended in formamide loading dye and analyzed on a 12% denaturing gel. Data were obtained from the gels using storage phosphor autoradiography and a STORM PhosphorImager (Molecular Dynamics).
Quantitations of specific nucleotide positions were done using the ImageQuant software. To account for loading differences between lanes, the intensity of a cleaved nucleotide position is normalized to the intensity of a noncleaved nucleotide position within the same lane. The fold change for a specific nucleotide position is the normalized intensity in the presence of GMPPCP or cleaving reagents divided by its normalized intensity in the absence of GMPPCP or cleaving reagents.
In vivo complementation E. coli strain S1610 (Brown et al. 1989 ) harboring the 4.5S RNA gene on a lambda prophage was transformed with a plasmid encoding either the wild-type or mutant 4.5S RNA. After transformation, the bacteria culture was grown on an ampicillin (50 mg/ mL) agar plate at 30°C overnight. A single colony was picked and grown in 5 mL of LB media containing ampicillin for about 10 h at 30°C. In the case of tetraloop mutant UUCG, several small colonies were used since these were the only colonies that grew from the transformation. Bacteria from these cultures were used for the solid media growth assay at 30°C and 42°C. The cell density of the 5 mL culture was determined by measuring the optical density at a wavelength of 600 nm. To ensure that the same amount of bacteria between the different constructs was used for the growth curve assay, the density of each of the 5 mL cultures was diluted to the same optical density. Then 50 mL of the diluted culture were added to 10 mL of fresh LB media containing ampicillin to start the growth curve assay. Cultures were grown in parallel at 30°C and 42°C, and 1 mL aliquots were removed for measurement. The in vivo experiments were repeated at least three times.
